Introduction {#s0005}
============

Gastric cancer (GC) remains one of the most lethal cancers worldwide with over one million newly diagnosed cases and nearly 800,000 estimated deaths per year \[[@bb0005]\]. In China, GC is the second most common type of cancer and results in the death of approximately half of a million patients annually \[[@bb0010]\]. Surgery and chemotherapy remain the main treatment options for GC. In addition to surgery, targeted therapy and immunotherapy (i.e., trastuzumab, bevacizumab, and nivolumab) have been developed to tackle the disease. However, not all patients benefit from these new drugs \[[@bb0015]\]. Scientists concur that metastatic status is one of the most robust predictors of GC patient survival \[[@bb0020]\]. Therefore, assessing the mechanism underlying GC metastasis is essential for improving GC patient prognosis.

The Src kinase family is a family of non-receptor tyrosine kinases (SFKs) that consists of nine specific members: SRC, FGR, FYN, YES, BLK, HCK, LCK, LYN, and FRK. These kinases play pivotal roles in multiple signal transduction cascades that regulate cellular activities, such as proliferation, motility, and survival \[[@bb0025]\]. Aberrant activation of SFKs leading to an abnormal proliferation and malignant transformation of cells has been discovered in multiple cancers \[[@bb0030]\]. Findings of in-depth studies have sparked increased interest in FYN in the context of cancer. FYN is a 59-kDa protein-encoding gene that is implicated in cell growth, survival, cell motility, and adhesion \[[@bb0035],[@bb0040]\]. Furthermore, FYN plays different roles in several cancers. Lee et al. have found that FYN establishes a positive feedback loop with STAT5 to promote breast cancer cell metastasis through NOTCH2 activation \[[@bb0045]\]. In other breast tumor xenograft models, researchers discovered that tumorigenesis induced by depletion of PTPN23 can be reversed by the suppression of FYN or through the Src inhibitor AZD0530 \[[@bb0050]\]. A study of pancreatic cancer also demonstrated that FYN inhibition promotes the phosphorylation and nuclear localization of hnRNP E1, which ultimately suppresses pancreatic cancer cell metastasis and invasion \[[@bb0055]\]. Research into glioblastoma has revealed that PIKE-A impairs the tumor suppressive actions of AMPK, which are mediated by FYN \[[@bb0060]\]. In hepatocellular carcinoma, FYN-mediated activation of the STAT3 pathway plays an important role in Fzd2-driven EMT and the migration of liver cancer cells \[[@bb0065]\]. Cumulatively, FYN clearly plays a part in cancer progression and metastasis, yet its role in GC remains unclear.

To investigate the mechanism of GC metastasis, we previously established a highly invasive GC cell line (BGC-823M3) using a repeated Transwell approach \[[@bb0070],[@bb0075]\]. Afterward, control and BGC-823M3 cell lines were analyzed by gene expression microarray and several differentially expressed genes were identified. FYN was recognized as one of the most differentially expressed genes, which indicated that FYN might play a crucial role in GC metastasis. In the current study, we evaluated whether FYN could promote the migration and invasion of GC cells via the STAT3 signaling pathway. The current findings provide evidence for a potential new target for GC treatment.

Materials and methods {#s0010}
=====================

Patients and clinical specimens {#s0015}
-------------------------------

One hundred clinical GC specimens were collected from the tissue bank of the First Affiliated Hospital of Sun Yat-sen University (China). All enrolled patients had been pathologically diagnosed as having GC and had undergone radical D2 lymphadenectomy between 2007 and 2012. None of the patients had undergone neoadjuvant chemotherapy prior to surgery, and all patients were diagnosed according to the 7th edition guidelines of the Union for International Cancer Control. All patients underwent a follow-up of at least 60 months. This study was reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University (Permit number: 2013-114). Written consent from all patients was obtained before the research began.

Cell lines and lentiviral transfection {#s0020}
--------------------------------------

Human GC cell lines (MGC-803, SGC7901, and SNU-216) were purchased from the Chinese Academy of Sciences (Shanghai, China) and were cultured in RPMI (Gibco™,Carlsbad, CA, USA) medium containing 10% fetal bovine serum (Gibco™, Carlsbad, CA, USA) at 37 °C in a humidified atmosphere of 5% CO~2~. Cell transfection was performed in a 6-well plate and Lipo 3000 (Invitrogen, Carlsbad, CA, USA) was used according to manufacturer\'s instructions. Specific siRNA against FYN was designed (RiboBio, Guangzhou, China) (FYN\#1: 5′-GAGACCATGTCAAACATTA-3′; FYN\#2: 5′-GTGAACTCTTCGTCTCATA-3′). The full-length cDNA of FYN was subcloned into a pcDNA3.1 vector (Vigene Biosciences, Rockville, MD, USA). In order to establish stable FYN-knockdown cells, the MGC-803 cell line was transfected with shRNA against FYN. Puromycin (2 μg/ml) was utilized to select stably transduced cells. The STAT3 selective inhibitor HO-3868 was purchased from Selleck (Sellcek, Houston, TX, USA).

Animal experiments {#s0025}
------------------

All animal experiments were performed according to the guidelines of First Affiliated Hospital of Sun Yat-sen University. BALB/c-nu mice (female, 4 weeks old) were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. and maintained in an SPF room. A pulmonary metastasis model was established to explore the role of FYN in GC metastasis. We injected MGC-803shFYN and MGC-803shCtrl (2.0 × 10^7^ cells) into nude mice through the tail vein. All mice were euthanized after 4 weeks of feeding, and their lungs were harvested and studied through hematoxylin and eosin (H&E) staining. This study was reviewed and approved by the Ethics Committee of the First Affiliated Hospital of Sun Yat-sen University (No. \[2018\]087).

Immunoblot analysis {#s0030}
-------------------

Cell lysates were harvested as previously described \[[@bb0080]\]. Cytoplasmic protein was extracted using the P0013G extraction kit (Beyotime, Shanghai, China), according to manufacturer\'s protocol. Protein extracts were isolated through SDS-PAGE gel electrophoresis and were then transferred to a PVDF membrane. Membranes were incubated with primary antibodies against FYN, CDH1, VIM, SNAI1, SNAI2, phosphorylated-STAT3, and STAT3 (Cell Signaling Technology, Danvers, MA; USA, 1:1000). Membranes were also incubated with a primary antibody against GAPDH (Sigma-Aldrich, St Louis, MO, USA, 1:2000). Images were obtained using the Image Lab Software (Bio-Rad, Hercules, CA, USA).

Immunohistochemistry and immunofluorescence analysis {#s0035}
----------------------------------------------------

All 100 paraffin-embedded GC tissue samples were examined by the streptavidin-peroxidase method, as previously described \[[@bb0080]\]. Tissue sections were incubated with anti-FYN primary antibody (1:100, Abcam, Cambridge, United Kingdom) overnight at 4 °C. The scoring system was established as previously described \[[@bb0075]\]. High FYN expression and low FYN expression was determined according to the scoring system. For immunofluorescence staining, GC cells were incubated with primary antibodies against CDH1, VIM and phosphorylated-STAT3 at 4 °C overnight. Culture dishes were washed with PBS and then incubated with secondary antibodies (1:500) for 1 h. Nuclei were stained with DAPI (KeyGEN BioTECH, Nanjing, China) for 5 min. Images were acquired using a BX61 fluorescence microscope (Olympus, Shinjuku, Tokyo, Japan).

Migration and invasion assay {#s0040}
----------------------------

The cell migration assay was performed in a 24-well plate with an 8.0-μm pore polycarbonate filter (Corning, Corning, MA, USA). The upper chamber was seeded with serum-starved MGC-803, SNU-216, and SGC-7901 cells (5 × 10^4^ cells/well), pretreated with siRNA or FYN plasmid, overnight. The lower chamber was covered with 10% FBS RPMI-1640. After 24 h of incubation, non-metastatic cells were gently removed by a cotton swab. Migrated cells were fixed using methanol and stained with crystal violet (Beyotime, Nantong, China). Migrated cells were counted, and images were captured by BX61 fluorescence microscope (Olympus, Shinjuku, Tokyo, Japan). The invasion assay was performed in a similar manner, except the filters were pre-coated with Matrigel (Corning, Corning, MA, USA).

Wound scratch assay {#s0045}
-------------------

Cells were seeded into a 6-well plate, and a wound was scratched in the middle using a 100 μl pipette tip, at a confluency of 90%. Afterwards, the chamber was washed three times with PBS to remove non-adherent cells. After 24 h of culture, the scratch wound was captured at three randomly selected fields. Photoshop (Adobe, San Jose, CA, USA) was used to quantify the open area of the wound.

Analysis of the prognostic value of FYN {#s0050}
---------------------------------------

We utilized the K-M Plotter database to determine the prognostic value of FYN \[[@bb0085]\]. OS and DFS curves were generated based on the differential expression of FYN. High FYN expression was defined as mRNA expression higher than the median. Low FYN expression was defined as mRNA expression lower than the median. P \< 0.05 was considered statistically significant.

Gene set enrichment analysis {#s0055}
----------------------------

Normalized TCGA-STAD RNA-seq data (level 3) and clinical data were downloaded from the GDC Data Portal of National Cancer Institute, NIH (<https://portal.gdc.cancer.gov/>). Maximally Selected Rank Statistics was applied to determine the cutoff expression value of FYN. The expression data of FYN was transformed by log2 and analyzed by maxstat package in R. The cutoff value is 10.18747. Samples with values larger than 10.18747 were defined as FYN-high, and those less than 10.18747 were defined as FYN-low. All analyses were performed in R (v3.6.3). Patients were stratified into a FYN-low and FYN-high group. Gene set enrichment analysis (GSEA) was conducted using the GSEA software (v4.0.1). Gene sets were downloaded from the MSigDB database and analyzed according to the user guide (<https://www.gsea-msigdb.org/gsea/index.jsp>).

Statistical analysis {#s0060}
--------------------

All data were analyzed by SPSS 22.0 (SPSS Inc., Chicago, IL, USA) and the GraphPad Prism software 5.0 (GraphPad Software, CA, USA). The Student\'s *t*-test was used to assess differences between groups. The chi-squared test was applied to analyze the relationship between FYN expression and clinicopathological characteristics. The Kaplan-Meier method was adopted to generate overall survival curves, and the log-rank test was applied to assess the difference between different groups. Univariate and multivariate analyses were based on a COX proportional hazards model*. P* \< 0.05 was considered statistically significant.

Results {#s0065}
=======

Higher FYN expression is correlated with lymph node metastasis and poorer GC patient prognosis {#s0070}
----------------------------------------------------------------------------------------------

To investigate the mechanism of GC metastasis, we used a microarray assay to compare differentially expressed genes between control cell line and the highly invasive GC cell line, which was previously established \[[@bb0075]\]. The results revealed that FYN was one of the differentially expressed genes between the two groups ([Fig. 1](#f0005){ref-type="fig"}A). Although FYN displayed moderate increase, but our preliminary data showed that FYN did play a vital role in gastric cancer metastasis and we decided to take FYN forward for further investigation. To validate the importance of FYN in GC development, we evaluated FYN expression in clinical GC samples ([Fig. 1](#f0005){ref-type="fig"}B). The data from 100 GC patient samples collected, between January 2009 and December 2012 with at least 5 years of follow-up, are presented in [Table 1](#t0005){ref-type="table"}. Immunohistochemistry staining indicated elevated FYN expression in 56% of patients and high FYN expression was correlated with increased lymph node metastasis (P = 0.022) ([Table 2](#t0010){ref-type="table"}). We found that high FYN expression was associated with shorter overall survival ([Fig. 1](#f0005){ref-type="fig"}C and [Fig. S1](#f0035){ref-type="graphic"}C). Meanwhile, the K-M Plotter database also demonstrated that FYN was positively correlated with a poorer prognosis in GC ([Fig. 1](#f0005){ref-type="fig"}D). Kaplan-Meier analysis confirmed the observation that high FYN expression was associated with shorter disease-free survival ([Fig. S1](#f0035){ref-type="graphic"}A and B). Both univariate and multivariate analysis indicated that FYN expression was an independent risk factor for GC (HR: 2.153, 95% CI: 1.018--4.558, *P* = 0.045; [Table 3](#t0015){ref-type="table"}, [Table 4](#t0020){ref-type="table"}). These data indicated that FYN could serve as a prognostic biomarker in GC patients.

FYN enhances GC cell migration and invasion {#s0075}
-------------------------------------------

To further examine the role of FYN in GC cell migration and invasion, we performed the Western-blot to detect the basal expression of FYN in several gastric cancer cell lines and discovered that FYN was highly expressed in MGC-803 cell line. The SNU-216 cell line has moderate expression of FYN and SGC-7901 has the lowest expression of FYN. So we chose to knock down the expression of FYN in MGC-803 and SNU-216 cell lines and overexpressed FYN in SGC-7901 and SNU-216 cell lines. The expression of FYN was knocked down in both MGC-803 and SNU-216 cell lines. ([Fig. 2](#f0010){ref-type="fig"}A). The wound scratch assay indicated that the FYN knockdown significantly impaired the wound healing ability of both MGC-803 and SNU-216 cells ([Fig. 2](#f0010){ref-type="fig"}B). Furthermore, FYN overexpression enhanced wound healing capacity compared to the control groups in both SGC-7901 and SNU-216 cells ([Fig. 2](#f0010){ref-type="fig"}C). The Transwell assay results (performed to further examine the role of FYN in the promotion of migration and invasion in GC cell lines) demonstrated that knocking down FYN expression remarkably inhibited GC cell migration and invasion to the lower chamber ([Fig. 2](#f0010){ref-type="fig"}D). Similarly, FYN overexpression enhanced the migration and invasion of both GC cell lines ([Fig. 2](#f0010){ref-type="fig"}E). Taken together, these data indicated that FYN enhanced GC migration and invasion.Fig. 1FYN was upregulated in a highly invasive gastric cancer (GC) cell line and was correlated with poor GC patient prognosis. A. Microarray analysis of the MGC-823M3 and control cell lines. B. Representative images of immunohistochemistry analysis of FYN in 100 gastric cancer tissue samples (scale bars, 50 μm). C. Kaplan-Meier overall survival curves for GC patients with different FYN expression from the First Affiliated Hospital of Sun Yat-sen University database. D. Overall survival data for GC patients with different FYN expression in the K-M Plotter database.Fig. 1Table 1Baseline characteristics in gastric cancer patients.Table 1CharacteristicsTotal, n(%)Age \<60 years50(50) ≥6050(50)Gender Male67(67) Female33(33)Location Upper third28(28) Middle third33(33) Lower third36(36) Whole3(3)Maximal tumor diameter \<5 cm65(65) ≥5 cm35(35)pT T1--232(32) T3--468(68)pN No44(44) Yes56(56)TNM staging I/II54(54) III/IV46(46)Distant metastasis Negative92(92) Positive8(8)Histology type Well5(5) Moderately36(36) Poorly59(59)Borrmann I6(6) II27(27) III57(57) IV7(7) V3(3)[^2]Table 2The correlation between FYN and clinicopathologic characteristics.Table 2FYN expressionCharacteristicsLowHigh*P*-valueAge \<60 years23270.687 ≥602129Gender Male30370.824 Female1419Location Upper third12160.862 Middle third1518 Lower third1521 Whole21Maximal tumor diameter \<5 cm31340.311 ≥5 cm1322pT T1--218140.090 T3--42642pN N0 + N12519**0.022** N2 + N31837TNM staging I/II27270.190 III/IV1729Distant metastasis Negative39530.272 Positive53Histology type Well320.626 Moderately1719 Poorly2435Borrmann I330.552 II1315 III2432 IV43 V03[^3]Table 3Univariate survival analysis.Table 3Univariate analysisOverall survivalVariablesHR95% CI*P*-valueAge \<60 years vs. ≥60 years0.471--1.7730.9140.789Gender Male vs. female0.553--2.2361.1120.766Tumor size \<5 cm vs. ≥5 cm1.009--38121.961**0.047**T classification T1.2 vs. T3.41.893--20.2166.186**0.003**TNM I/II vs. III/IV1.375--5.5731.375**0.004**pN N0.1 vs. N2.32.550--9.9845.046**\<0.001**Distant metastasis Yes vs. no0.154--2.6770.6420.543FYN expression High vs. low1.148--5.0112.398**0.020**[^4]Table 4Multivariate survival analysis.Table 4Multivariate analysisOverall survivalVariablesHR95% CI*P*-valueTumor size \<5 cm vs. ≥5 cm1.1550.582--2.2890.680T classification T1.2 vs. T3.43.6530.970--13.7520.055TNM I/II vs. III/IV0.7950.331--1.9130.609pN N0.1 vs. N2.34.1001.815--9.262**0.001**FYN expression High vs. low2.1531.018--4.558**0.045**[^5]Fig. 2FYN was correlated with gastric cancer cell migration and invasion. A. Western blot analysis of FYN after siRNA knockdown. B. After transfection with siRNA against FYN, wound width was greater than in the controls. C. After FYN overexpression, wound width was smaller compared to controls. D. After transfection with siRNA targeting FYN, migration and invasion were significantly inhibited in both MGC-803 and SNU-216 cell lines. E. After FYN overexpression, cell migration and invasion were significantly enhanced in both SGC-7901 and SNU-216 cell lines. The scale bars indicate 100 μm. *\*P* \< 0.05, *\*\*P* \< 0.01, *\*\*\*P* \< 0.001. The data are represented as mean ± SD.Fig. 2

FYN promotes GC cell line migration by inducing EMT {#s0080}
---------------------------------------------------

EMT plays a vital role in cancer cell metastasis. Therefore, we explored the possibility of EMT involvement in FYN-mediated metastasis. GSEA analysis of The Cancer Genome Atlas (TCGA) data indicated that FYN was indeed correlated with EMT markers such as SNAI1 and SNAI2 ([Fig. 3](#f0015){ref-type="fig"}A). Furthermore, the correlation analysis revealed that FYN was positively correlated with SNAI1 and SNAI2 and negatively correlated with CDH1 ([Fig. 3](#f0015){ref-type="fig"}B). After knocking down FYN expression, we found that the expression of CDH1 was upregulated, whereas VIM, SNAI1, and SNAI2 were down-regulated ([Fig. 3](#f0015){ref-type="fig"}C). Furthermore, FYN overexpression induced EMT transition ([Fig. 3](#f0015){ref-type="fig"}D). Immunofluorescence staining further confirmed that FYN was positively correlated with VIM expression and negatively correlated with CDH1 expression in all three GC cell lines ([Fig. 3](#f0015){ref-type="fig"}E and F). These results showed that FYN promotes the migration of GC cell lines by inducing EMT.Fig. 3FYN was associated with EMT markers. A. GSEA analysis of the TCGA database indicated that FYN was associated with EMT markers. B. FYN was negatively correlated with CDH1 and positively correlated with SNAI1 and SNAI2. C. Western blot analysis of EMT marker protein levels after FYN knockdown in both MGC-803 and SNU-216 cell lines. D. Western blot analysis of EMT marker protein levels after FYN overexpression. E. Immunofluorescence staining of CDH1 and VIM after FYN knockdown in both MGC-803 and SNU-216 cell lines. F. Immunofluorescence staining of CDH1 and VIM after FYN overexpression. *\*P* \< 0.05, *\*\*P* \< 0.01, *\*\*\*P* \< 0.001.Fig. 3

FYN promotes GC metastasis in vivo {#s0085}
----------------------------------

To investigate the role of FYN in GC metastasis in vivo, we created the MGC803-shControl (shCTRL) and MGC803-shFYN (shFYN) stable cell lines through lentiviral transfection, and knockdown efficacy was confirmed by immunoblotting ([Fig. 4](#f0020){ref-type="fig"}A). The lungs of pulmonary metastasis model nude mice, injected with stable FYN-knockdown cells or control cells, were collected after 4 weeks and stained with H&E. The shFYN group had fewer lung metastatic nodules than the shCTRL group, as observed macroscopically (*P* \< 0.001) ([Fig. 4](#f0020){ref-type="fig"}B) and microscopically (*P* \< 0.001) ([Fig. 4](#f0020){ref-type="fig"}C). This confirmed that FYN promoted GC lung metastasis in vivo.Fig. 4FYN promoted pulmonary gastric cancer metastasis in vivo. A. Successful FYN shRNA knockdown in MGC-803 cells was confirmed by western blot. B. Fewer lung metastatic nodules were found after FYN knockdown compared to the control group. C. Representative images of lung metastatic nodules. *\*\*P* \< 0.01, *\*\*\*P* \< 0.001. The data are represented as mean ± SD.Fig. 4Fig. 5FYN promoted gastric cancer cell epithelial-mesenchymal transition through the STAT3 pathway. A. GSEA analysis indicated that FYN was correlated with the STAT3 signaling pathway. B. FYN knockdown inhibited p-STAT3 protein expression as revealed by western blot. C. FYN overexpression elevated p-STAT3 protein expression as revealed by western blot. HO-3867 effectively decreased the levels of VIM, SNAI2, and SNAI1 and increased the expression level of CDH1 as shown by western blot in both SGC-7901 (D) and SNU-216 (E) cell lines. *\*P* \< 0.05, *\*\*P* \< 0.01, *\*\*\*P* \< 0.001.Fig. 5Fig. 6FYN promoted gastric cancer cell metastasis through the STAT3 pathway. A. HO-3867 effectively decreased the p-STAT3 levels in the SGC-7901 cell line. B. O-3867 effectively decreased the p-STAT3 levels in the SNU-216 cell line. C. With or without HO-3867 treatment, the number of migrating cells in the FYN overexpression group was increased compared to the control group. D. With or without HO-3867 treatment, the number of invading cells in the FYN overexpression group was increased compared to the control group. \**P* \< 0.05, *\*\*P* \< 0.01, *\*\*\*P* \< 0.001.Fig. 6

FYN promotes GC cell EMT through STAT3 pathway activation {#s0090}
---------------------------------------------------------

To explore the mechanism of FYN-mediated GC metastasis, we performed GSEA analysis with data from the TCGA database. The results revealed that FYN was positively correlated with STAT3 signaling pathway activation in GC. This result indicated that the STAT3 signaling pathway may play a role in FYN-mediated metastasis in GC ([Fig. 5](#f0025){ref-type="fig"}A). As shown in [Fig. 5](#f0025){ref-type="fig"}B, FYN knockdown significantly reduced the level of phospho-STAT3 ([Fig. 5](#f0025){ref-type="fig"}B), and FYN overexpression increased the level of phospho-STAT3 ([Fig. 5](#f0025){ref-type="fig"}C and [Fig. S2](#f0040){ref-type="graphic"}). To further demonstrate FYN involvement in the EMT process via STAT3 pathway activation, we applied STAT3 selective inhibitor HO-3867. As previously demonstrated, FYN overexpression elevated the expression of mesenchymal markers and reduced the expression of the epithelial marker. The addition of HO-3867 significantly reduced the expression of VIM, SNAI2, and SNAI1 while upregulating CDH1 expression ([Fig. 5](#f0025){ref-type="fig"}D and E).

Inhibiting the STAT3 pathway could suppress FYN-mediated GC metastasis {#s0095}
----------------------------------------------------------------------

Given the capacity of the STAT3 inhibitor to suppress EMT transition, we speculated that STAT3 pathway inhibition could also limit FYN-mediated GC metastasis. SGC-7901 and SNU-216 cells, with or without FYN overexpression, were treated with or without HO-3867 before analysis by western blot. Results demonstrated that HO-3867 could reduce the expression of FYN-upregulated phospho-STAT3 ([Fig. 6](#f0030){ref-type="fig"}A and B). HO-3867 partially inhibited the migration and invasion capacity of FYN-overexpressing cells ([Fig. 6](#f0030){ref-type="fig"}C and D), and the wound healing assay demonstrated similar results ([Fig. S3](#f0045){ref-type="graphic"}). Taken together, these data indicated that FYN promotes gastric cancer metastasis possibly by activating STAT3-mediated epithelial mesenchymal transition.

Discussion {#s0100}
==========

It has been well established GC treatment is hampered by metastasis. However, the mechanism of GC metastasis remains unclear \[[@bb0090]\]. Previous research found that FYN was correlated with metastasis in several malignant cancers, including breast cancer, pancreatic cancer, cholangiocarcinoma, and esophageal squamous cell carcinoma \[[@bb0045],[@bb0055],[@bb0095],[@bb0100]\]. In the current study, we found that FYN was essential for GC cell migration and invasion.

We showed that high FYN expression was associated with advanced N stage and correlated with poor prognosis in GC patients. In vitro experiments demonstrated that FYN knockdown significantly reduced the migration and invasion capacity of MGC-803 and SNU-216 cells, while FYN overexpression promoted the migration and invasion of SGC-7901 and SNU-216 cells. These observations suggested that FYN was correlated with metastasis in GC. EMT is a process during which cells lose their epithelial features and gain mesenchymal characteristics. The EMT is considered a central reason for cancer metastasis \[[@bb0105],[@bb0110]\]. Previous research on colorectal cancer (CRC) has indicated that the STAT3 signaling pathway is involved in the EMT process \[[@bb0115]\]. Bioinformatics analysis of data from the TCGA database indicated that FYN was positively correlated with SNAI1 and SNAI2 and negatively correlated with CDH1. Further, immunoblot experiments revealed that elevated VIM, SNAI2, and SNAI1 expression was observed after FYN overexpression. This finding was in accordance with previous observations in breast cancer research \[[@bb0045]\]. In vivo experiments also confirmed that FYN could promote GC cell metastasis to the lungs. Our findings demonstrated that FYN played a vital role in GC metastasis.

To further explore the metastatic mechanism, we conducted bioinformatics analysis and found that the STAT3 signaling pathway might be involved in FYN-mediated metastasis ([Fig. 5](#f0025){ref-type="fig"}A). The STAT3 signaling pathway, which is involved in several cellular process including proliferation, survival, invasion, and metastasis, has been intensively researched \[[@bb0120]\]. Classical STAT3 pathway activation occurs by means of the JAK enzyme. Phosphorylation at Tyr705 of STAT3 leads to STAT3 protein dimerization and dimer translocation to the nucleus. Once in the nucleus, STAT3 promotes the expression of its target genes. SRC, a member of the Src kinase family, has been shown to directly activate STAT3 \[[@bb0125]\]. FYN (an SRK member) has been reported to interact with STAT3. Researchers have also reported that the FYN-STAT3 axis is crucial in renal and pulmonary fibrosis \[[@bb0130], [@bb0135], [@bb0140]\]. The current study confirmed that FYN influenced phospho-STAT3 expression using knockdown and overexpression models. Treatment with HO-3867 (a specific STAT3 inhibitor) further confirmed that FYN regulated cancer cell EMT through the STAT3 pathway in both SGC-7901 and SNU-215 cell lines. Transwell assays confirmed that HO-3867 partially counteracted the FYN-driven migratory and invasive capacity, indicating that FYN enhanced the metastatic ability of GC cells at least partially through the STAT3 pathway.

FYN is a member of the Src kinase family and is considered an essential factor for cancer progression and metastasis. Further, researchers have established the involvement of FYN in chemotherapy resistance. Mi et al. found that miR-381 directly targets and downregulates FYN, while also enhancing the chemosensitivity of breast cancer cells to doxorubicin \[[@bb0145]\]. In chronic myelogenous leukemia (CML), researchers identified FYN as a candidate biomarker for imatinib resistance through pan-genomic microarrays \[[@bb0150]\]. Several other Src kinase family members have also been associated with cancer progression, metastasis, and drug resistance. *SRC* is another extensively studied gene belonging to the SRC kinase family. Researchers found that hypoxia could induce prostate cancer cell metastasis in an SRC-dependent manner. Further, *SRC* knockdown successfully prevented the hypoxia-induced effects \[[@bb0155]\]. Another in vivo experiment supports evidence for the role of SRC in prostate cancer metastasis \[[@bb0160]\]. SRC has also been shown to meditate thyroid cancer metastasis. Chan et al. discovered that SRC is overexpressed in thyroid cancer, and the application of its inhibitor, dasatinib, significantly inhibits tumor growth and metastasis \[[@bb0165]\]. Previously, we found that CXCL1 and CXCL5 were closely correlated to cancer metastasis \[[@bb0075],[@bb0170]\], and it has been reported that SRC is related to these chemokines. Lu et al. found that the CXCL1-LCN2 paracrine axis can activate SRC to promote prostate cancer progression \[[@bb0175]\]. Like SRC, LYN is a molecule that has drawn significant attention. Co-immunoprecipitation and immunofluorescence assays have revealed that LYN is involved in CD24-mediated ERK1/2 activation and tumor metastasis in CRC \[[@bb0180]\]. In head and neck squamous cell carcinomas (HNSCC), selective siRNA targeting of LYN inhibits the proliferation, migration, and invasion capacity of EGF receptor variant III-expressing HNSCC cells \[[@bb0185]\]. LYN involvement is not limited to cancer cells as LYN expression has been reported to be positively correlated with myeloid-derived suppressor cell (MDSC) markers, suggesting that LYN possibly participates in MDSC aggregation \[[@bb0190]\]. Lung cancer reports have described that genetic depletion of *YES1* significantly inhibits tumor growth and metastasis, and high YES1 expression may predict a higher sensitivity to dasatinib \[[@bb0195]\]. Furthermore, a study of 1094 colorectal patients revealed that a combined FGR + HCK score could predict poor CRC patient outcome \[[@bb0200]\].

The current study provided a comprehensive analysis of how FYN regulates GC metastasis by STAT3 pathway activation. Through the use of clinical samples and in vitro and in vivo experiments, we revealed a novel role of FYN in tumor metastasis. Our study confirmed that FYN was an independent indicator of GC patients\' prognosis. This means that the expression of FYN might be able to predict the survival outcome in clinical cases. And we also discovered that FYN promotes the metastasis of gastric cancer and this finding might be able to incentivize the development potential drugs that specifically target FYN. In further research, the relationship between STAT3 and FYN can be explored in greater detail, and the existence of a STAT3 and FYN positive feedback loop can be investigated.

The following are the supplementary data related to this article.Fig. S1FYN was correlated with poorer gastric cancer (GC) patient outcomes in different databases. A. Kaplan-Meier disease-free survival curves for GC patients with different FYN expression in the First Affiliated Hospital of Sun Yat-sen University database. The *P*-value was determined by the log-rank test. B. DFS data for GC patients with different FYN expression from the K-M Plotter database. C. Overall survival data for GC patients with different FYN expression from the TCGA database.Fig. S1Fig. S2Immunofluorescence staining of p-STAT3 after FYN overexpression in both SGC-7901 and SNU-216 cell lines. A. After FYN overexpression, p-STAT3 levels were increased in the SGC-7901 cell line. B. After FYN overexpression, p-STAT3 levels were increased in the SNU-216 cell line.Fig. S2Fig. S3FYN promoted gastric cancer cell migration through the STAT3 pathway. A. In SGC-7901 cells treated with/without HO-3867, the migration rate in the FYN overexpression group was increased compared to the control group. B. In SNU-216 cells treated with/without HO-3867, the migration rate in the FYN overexpression group was increased compared to the control group. *\*P* \< 0.05, *\*\*P* \< 0.01.Fig. S3
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